ABSTRACT: Carbon materials have attracted great interest as an anode for sodium-ion batteries (SIBs) due to their high performance and low cost. Here, we studied natural wood fiber derived hard carbon anodes for SIBs considering the abundance and low cost of wood. We discovered that a thermal carbonization of wood fiber led to a porous carbon with a high specific surface area of 586 m 2 g −1
■ INTRODUCTION
Lithium-ion batteries (LIBs) have occupied the power source market for portable electronic devices and incoming electric vehicles (EVs) because of their high energy density and stable performance over long-term cycles. 1−3 However, the scarcity and uneven distribution of lithium resources significantly limit the further extension of LIBs. Therefore, the past few years have witnessed great growth of the research interest in alternative energy storage technologies, for example, sodiumion batteries (SIBs). 4−6 The main advantages of SIBs are the abundance and wide availability of sodium resources, making SIBs one of the most cost-effective ways for grid-scale energy storage application. 7 In the past few years, researchers focused on developing cathodes for SIBs from the well-established LIB technology. 8−12 However, developing high-performance anodes for SIBs is still an urgent issue. The commercial anode for LIBs, graphite, has shown a very limited capacity for SIBs, owing to the large size of Na + ions. 13−15 As a result, many efforts are underway to find effective anodes for SIBs.
Despite various anode choices, such as alloys, 16 −20 metal oxides, 21−25 and organic compounds, 26−28 carbon-based materials are still most attractive due to their high capacity, low potential, and low cost. 29−32 Among different types of carbons, hard carbon has shown promising performance in many studies after being first reported by Dahn's group. 33 However, the hard carbon anode still faces two major barriers: low initial Coulombic efficiency (CE) and poor cycling performance. To address the low initial CE, considerable efforts have been made. For example, surface modifying can increase the initial CE by reducing the contact area of carbon anode with electrolyte. 34, 35 Although irreversible Na trapping in hard carbon anodes can also lead to a certain initial CE loss, 30 it is generally believed that hard carbon with a low surface area can give a high initial CE. However, controlling the cost of the carbon precursors and minimizing the surface area of hard carbon remain a significant challenge.
Cellulose is the most abundant and also renewable resource on Earth, which has attracted great interest as a carbon precursor. In this study, wood cellulose fibers derived hard carbons have been successfully developed as anodes for SIBs.
Before the thermal carbonization of wood cellulose fiber, we conducted an oxidization using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), which is a well-known technology in nanofibrillation of cellulose. 36−38 For the first time, we discovered that the surface area of the wood fiber derived hard carbon can be decreased to 126 m 2 g −1 by using TEMPO treatment, in sharp contrast to directly carbonized wood fiber (586 m 2 g
−1
). As expected, when evaluating as an anode for SIBs, the TEMPO-treated wood fiber derived low surface area hard carbon exhibited a much higher initial CE (72%) compared with pristine wood fiber derived porous carbon (25%). The strategy of achieving low surface area carbon with chemical treatment can be applied to many other biomass-based SIBs anodes.
■ EXPERIMENTAL SECTION
Preparation of Pristine Carbon Paper and Oxidized Carbon Paper. Natural wood fiber used in this work was from bleached pulp. Typically, 0.5 g Kraft bleached softwood pulp was slushed into 100 mL deionized water (DI water) and then mechanically stirred for 30 min at a speed of 1000 r min −1 . The pulp dispersion was then filtered by a vacuum filtration process through a 90 mm diameter 0.65 μm poresized membrane (Millipore) and dried at 80°C, giving a pristine wood fiber paper. The oxidized wood fiber was obtained using a TEMPOmediated oxidation method according to our previous paper. 38 Typically, catalytic amounts of TEMPO and NaBr were dissolved in the Kraft pulp dispersion. The oxidation of the wood fiber was triggered by adding 1 mmol NaClO under gentle agitation. During the oxidation process, the pH value was controlled at 10.0 by adding a 1.0 mol L −1 NaOH drop wisely. The entire reaction took about 2 h. After TEMPO treatment, the fibrils were thoroughly washed with DI water 3 times to remove the reaction agent before redispersion. Then, the obtained wood fiber dispersion was vacuum filtrated and dried at 80°C
, giving an oxidized wood fiber paper. The oxidized wood fiber paper was then transferred into a tube furnace and stabilized at 240°C for 8 h before being further carbonized at 1000°C under argon for 2 h. As a control, we also carbonized pristine wood fiber paper into carbon without using TEMPO treatment.
Materials Characterization. Nitrogen absorption measurements were obtained with a Micromeritics TriStar II 3020 analyzer at 77 K. Scanning electron microscopy (SEM) images were taken on a Hitachi SU-70 Schottky field emission gun scanning electron microscope, while high-resolution transmission electron microscope (HRTEM) images were taken from a JEOL 2100F field-emission TEM at 200 kV. X-ray diffraction (XRD) patterns were collected with a Bruker D8 Advance using Cu Kα radiation (λ = 1.5406 Å). Raman spectra were recorded using a Labram Aramis Raman spectrometer with a 633 nm He−Ne laser source.
Electrochemical Measurements. For electrochemical testing, 2025 coin cells were made by directly punching round discs out of carbonized papers as binder-free and additive-free working electrodes. The typical mass loading of the carbon electrode was 2.5 mg cm −2 . 1.0 mol L −1 NaClO 4 in (1:1 V/V) ethylene carbonate/diethyl carbonate served as the electrolyte, pure sodium metal as the counter electrode, and a 25 μm thick polypropylene membrane was used as the separator. Galvanostatic cycling was conducted with a land tester at different current densities and at room temperature.
■ RESULTS AND DISCUSSION
Natural wood fiber was adopted as a precursor in this study due to its abundance and low cost. As illustrated in Figure 1 , route 2, wood fiber was first oxidized by TEMPO-mediated technology and fabricated to a paper according to our previous work. 38 Compared with pristine wood fiber paper (Figure 1b ), oxidized wood fiber paper (Figure 1e ) shows a much denser structure. Thermal carbonization was then employed to convert both the pristine wood fiber paper and oxidized wood fiber paper into carbon papers, which were referred to as pristine carbon paper (Figure 1c ) and oxidized carbon paper (Figure  1f ), respectively. Nitrogen adsorption−desorption measurements were then carried out to examine the porosity properties of the obtained carbon papers. The isotherms in Figure 2 reveal Figure 1 . Steps of achieving two types of carbonized paper. In route 1, (a) natural wood fiber was directly used to make a (b) paper and (c) further carbonized to obtain pristine carbon paper. In route 2, the wood fiber was first oxidized by (d) TEMPO treatment, and then made into (e) a paper and carbonized to obtain (f) oxidized carbon paper. Route 2 leads to a much denser paper and carbonized carbon, which is more suitable for SIB anode applications. a typical type IV behavior, and the initial steep regions indicate a certain amount of micropores existing in both carbon papers. The specific Brunauer−Emmett−Teller (BET) surface area is 586 m 2 g −1 for pristine carbon paper, close to those carbon materials directly derived from other biomasses.
39−41 For oxidized carbon paper, the surface area decreases sharply to 126 m 2 g −1 . To investigate how the TEMPO treatment helps to minimize the surface area of carbon product, we first studied the wood fiber. Wood fiber has a unique hierarchical, hollow, and porous structure (Figure 3b) . The cell walls of wood fiber are composed with bundles of cellulose microfibrils, which are constructed by 30−40 cellulose chains. 42 These mircofibrils are bonded tightly together via hydrogen bond. As demonstrated by Isogai and co-workers, TEMPO can selectively oxidize C6 hydroxyl group in the glucose unit of cellulose chain to carboxyl group (Figure 3a) . 36 Thus, the TEMPO treatment loosens the hydrogen bond and induces a negative charge on the surface of microfibrils, leading to a zeta potential approximately −75 mV of the oxidized fiber. 43 Treated fiber features a ribbon-like structure (Figure 3e ) due to the crush of fiber cell wall. Compared with pristine wood fiber, the TEMPO-treated wood fiber can form a more stable suspension in water due to its higher zeta potential (Figure 3a top right) . SEM images were taken to give more insight into the microstructure of wood fiber before and after TEMPO oxidization. Pristine wood fiber has a large hollow chamber in the middle, and the cell wall is around a few microns, as revealed in Figure 3c . The hollow structure is not destroyed after carbonization (Figure 3d ). More SEM images are given in Figure S1 to exhibit the unique hollow structure of pristine wood fiber and its resulting carbon fiber. While after TEMPO treatment, wood fibers are partially unzipped and form ribbon-like structure (Figure 3f ). The flat nature of ribbon-like structure is well-maintained after carbonization (Figure 3g) .
We further investigated the effects of different fibers on paper configuration, especially on carbonized paper. As shown in Figure S2a , numerous pristine wood fibers are randomly interwoven together and lead to a large amount of voids between these fibers. The zoomed-in image shows that these one-dimensional (1D) fibers have a typical diameter around 40 μm ( Figure S2b) . After TEMPO treatment, these fibers are densely packed ( Figure S2c) , which is sharply contrasted to the porous configuration of pristine wood fiber. The diameter of swelled fiber expands up to 100 μm (Figure S 2d) . We propose that the unzipped fiber becomes ribbon-like features and is favorable to form a more compact structure. After direct carbonization, the one-dimensional (1D) hollow structure of pristine wood fiber is not destroyed in the pristine carbon paper (Figure 4 , panels a and b). Many nanosized pores are generated in the pristine carbon paper (Figure 4c ), which agrees well with the BET result. In oxidized carbon paper, we found ribbon-like structures which were more flat and compact than fibers in pristine carbon paper. The ribbon-like structure is initially caused by the TEMPO treatment in wood fiber and maintained after carbonization. Oxidized carbon paper also shows fewer voids between the ribbon-like features (Figure 4e) . Furthermore, there are much less pores in the surface of oxidized carbon paper, suggesting a smaller surface area (Figure 4 , panels e and f). More high-magnification SEM images are provided in Figure S3 to reveal that TEMPO treatment would lead a less porous surface for resulting carbon paper. In summary, pretreating wood fiber with TEMPO can partially unzip the wood fiber and create ribbon-like features. Wood fiber paper made by the ribbon-like features has a higher packing density, and a lower surface area carbon paper is further fabricated after carbonization.
To investigate the crystallinity and phase information for the products after carbonization, XRD patterns were collected. As shown in Figure S4 , both pristine carbon paper and oxidized carbon paper exhibit typical amorphous carbon structure. The XRD peaks at ∼23°and ∼43°can readily be indexed to (002) and (101) planes, respectively. HRTEM was also carried out to analyze the crystallization behavior. Pristine carbon paper ( Figure S5a ) displays an amorphous structure with partially local order under 2 nm. Same disorder structure was also found in oxidized carbon paper ( Figure S5b ) but with more substantial short-range order.
Due to the excellent flexible nature, both carbon papers were cut into round discs and used as binder-free, self-standing electrodes with a high mass loading (2.5 mg cm −2 ) for assembling coin cells. Galvanostatic charge/discharge cycling was first performed between the potential window from 0.01 to 2.5 V versus Na/Na + . Figure 5a shows the charge/discharge curves of the oxidized carbon paper for the first three cycles at a current density of 20 mA g −1
. Oxidized carbon paper delivers sodiation and desodiation capacities of 361 and 260 mAh g −1 in the first cycle, giving the initial CE up to 72%, which to our knowledge is very high among other biomass-derived carbon anodes for SIBs. 32, 44, 45 The potential profile of oxidized carbon paper exhibits a typical hard carbon behavior. 31 According to Dahn's "house of cards" model, 33 a sloping region from 1.0 to 0.2 V is related to Na ions intercalation into graphitic nanodomains, and a flat plateau near 0.2 V is attributed to the absorption of Na ions into nanopores. Most recently, a modified mechanism is proposed for pseudographitic carbon material that the capacity above 0.2 V is due to reversible adsorption of Na ions at nanosized defects, while the capacity below 0.2 V is Na ions intercalation between graphitic planes. 46, 47 In sharp contrast, pristine carbon paper exhibits a "supercapacitor-like" slope potential profile (Figure 5b ), which is due to the large surface area (586 m 2 g −1 ). Also the sodiation and desodiation capacities were 1012 mAh g −1 and 252 mAh g , respectively, giving a low initial CE of 25%. Obviously, the oxidized carbon paper exhibited a much higher initial CE, which is mainly attributed to its dense structure and lower surface area induced by TEMPO treatment. Stable cycling performance is also highly pursued for practical applications. Here, oxidized carbon paper electrode was further performed at 100 mA g −1 for 200 cycles after cycling at 20 mA g −1 for 5 cycles (Figure 5c ). The oxidized carbon paper exhibits a stable capacity around 196 mAh g −1 with nearly 100% CE over 200 cycles. While for pristine carbon paper, a much lower CE around 92% is performed upon cycling ( Figure S6 ), suggesting a continuous irreversible reaction in pristine carbon paper. Both the high initial CE and stable cycling performance indicate that the oxidized carbon paper is a very promising anode for SIBs.
■ CONCLUSION
In summary, we successfully devised a novel strategy to decrease the surface area of wood fiber derived hard carbon by using TEMPO treatment. This treatment can effectively crush and unzip hollow wood fiber by oxidizing the hydroxyl groups and breaking the hydrogen bond. As a result, a much denser wood fiber paper was fabricated and led to a low surface area carbon paper by following carbonization. When evaluating as an anode for SIBs, the low surface area carbon exhibited a high initial Coulombic efficiency of 72%, a high capacity of 240 mAh g
, and a stable cycling performance over 200 cycles. Our methodology to reduce the surface area of carbon anode is very competitive for a practical production. To our knowledge, enzyme and some strong acids can swell and disaggregate wood, cotton and bacterial celluloses as well, thus further investigation is being undertaken in our lab. Furthermore, our work may also give some inspiration on the pretreatment of carbon precursors for other applications.
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